2 13 ABSTRACT 14 Bacterial CRISPR systems have been widely adopted to create operator-specified site-15 specific nucleases. Such nuclease action commonly results in loss-of-function alleles, 16 facilitating functional analysis of genes and gene families We conducted a systematic 17 comparison of components and T-DNA architectures for CRISPR-mediated gene editing in 18 Arabidopsis, testing multiple promoters, terminators, sgRNA backbones and Cas9 alleles. 19 We identified a T-DNA architecture that usually results in stable (i.e. homozygous) mutations 20 in the first generation after transformation. Notably, the transcription of sgRNA and Cas9 in 21 head-to-head divergent orientation usually resulted in highly active lines. Our Arabidopsis 22 data may prove useful for optimization of CRISPR methods in other plants. 23 24 35 ribonucleoproteins. Within Class 2, Type-II and Type-V cleave dsDNA (double-stranded 36 DNA) via Cas9 and Cas12/Cpf1 respectively, while Type-VI cleaves ssRNA (single-stranded 37 RNA) via Cas13/C2c2. 3 38 Cas9, Cas12 and Cas13-based systems function in heterologous organisms enabling 39 applications such as targeted mutagenesis, dynamic imaging of genomic loci, transcriptional 40 regulation, pathogen detection and RNA quantification [7-9]. Expression of Cas9 with its 41 associated sgRNA (single-guide RNA, an artificial fusion of the dual endogenous 42 crisprRNA/trans-acting-crisprRNA), results in targeted DNA mutations in animals and plants 43 [3,10,11]. Cas9-sgRNA ribonucleoprotein cleaves genomic DNA at loci homologous to the 44 sgRNA spacer sequence. Cleaved DNA strands can be religated by the endogenous Non-45 Homologous End Joining (NHEJ) system, which can result in insertions or deletions (indels) 46 at the repaired site. Indels in the CDS (coding DNA sequence) can cause a codon reading 47 frame shift resulting in loss-of-function alleles.
INTRODUCTION

25
CRISPR (clustered regularly interspaced short palindromic repeat)-Cas (CRISPR 26 associated) site-specific nucleases evolved as components of prokaryotic immunity against 27 viruses, and are widely deployed as tools to impose operator-specified nucleotide sequence 28 changes in genomes of interest [1] [2] [3] [4] . During infection by bacteriophages, Cas1 and Cas2 29 can integrate phage DNA sequences into 'spacer' regions of tandem CRISPR loci in the 30 bacterial genome. The crRNA (CRISPR-RNA) transcription product of the spacer associates 31 with nucleases from the Cas family to form ribonucleoproteins that can cleave nucleic acid 32 sequences homologous to the spacer. This enables elimination of viral nucleic acid upon 33 subsequent infection. CRISPR systems are divided in two classes [5, 6] . Class 1 systems 34 comprise multi-subunit complexes whereas Class 2 systems function with single 7 150 carry the same mutation, indicating a mutation more likely inherited from the T1 parent rather than being de novo 151 from the T2 line. Red square: Most active construct(s) for each panel.
152
In the combinations we tested, we detected low CRISPR activity using the meiosis I-153 specific promoter MGE1 [26] (Fig 3C) , the homeotic gene promoter AG [27] ( Fig 3D) and the 154 DNA polymerase subunit-encoding gene promoter ICU2 [28] ( Fig 3D) . They were tested with 155 constructs inducing an overall low activity and we do not exclude that they can perform 156 efficiently in other conditions. In one context specifically, ICU2 promoter resulted in moderate 157 activity in four of the six T2 families tested, while only one T2 family showed activity with the 158 UBI10 promoter ( Fig 3E) .
159
EC1.2 and an EC1.2::EC1.1 fusion (referred as 'EC enhanced' or 'ECenh') are 160 specifically expressed in the egg cell and were reported to trigger elevated mutation rates 161 with CRISPR in Arabidopsis [17] . In our Golden Gate compatible system, only ECenh 162 induced homozygous mutants in T1 and at low frequency ( Fig 3B and G) . In one 163 comparison, EC1.2 and ECenh performed slightly better than pUBI10 ( Fig 3D) , but in 164 another, they induced lower activity ( Fig 3E) .
165
A promoter from Cassava Vein Mosaic Virus (pCsVMV) was reported to mediate 166 CRISPR activity in Brassica oleracea [29] . We found that it induced more CRISPR activity 167 than pUBI10 in two combinations tested ( Fig 3D and E ).
168
We also tested the YAO and RPS5a promoters. Both of them were reported to boost 169 CRISPR activity in Arabidopsis [15, 16] . Both triggered elevated mutation rates compared 170 with the UBI10 promoter ( Fig 3F) . In one comparison, pRPS5a performed slightly better ( Fig   171  3G ), but in another, pYAO performed better ( Fig 3H) .
172
As have others, we conclude that the promoter driving Cas9 expression influences 173 CRISPR-mediated mutation rates [15] [16] [17] 26] . We observed the best mutation rates using 174 RPS5a, YAO and UBI10 promoters. The activity of different constructs with the same promoter can be very different. For 177 instance, pRPS5a:Ca9 and pYAO:Ca9 lines were recovered that displayed either high or low 178 activity ( Fig 3F and H) . The most active constructs carried Cas9_3 or Cas9_4 alleles. We 179 thus compared four Cas9 alleles side-by-side (Fig 4) . Cas9_1 is a human codon-optimized 180 version with a single C-terminal Nuclear Localization Signal (NLS) [3] . Cas9_2 is an
181
Arabidopsis codon-optimized version with a single C-terminal NLS [13] . Cas9_3 is a plant 
186
A. Cas9_1: Mali et al., 2013 [3] . Cas9_2: Fauser et al., 2014 [13] . Cas9_3: Li et al., 2013 [25] 
206
However, human codon-optimized Cas9_4 induced more mutants than Arabidopsis 207 optimized Cas9_2 in one experiment ( Fig 4B) . Cas9_4 has an extra N-terminal NLS 208 compared to Cas9_2, which may explain this difference. In this comparison specifically,
209
Cas9_3 was less efficient than Cas9_4. However, by comparing Cas9_3 and Cas9_4 in 210 combination with YAO or RPS5a promoters, we found that Cas9_3 resulted in high mutation 211 rates ( Fig 4C and D) . Cas9_3 efficiency can be explained by the plant codon optimization,
212
the presence of two NLSs and the inclusion of a plant intron. This intron was originally added 213 to avoid expression in bacteria during cloning and, as side effect, can also increase 214 expression in planta [30] . We recommend the use of Cas9_3 for gene editing in Arabidopsis.
215
A modified sgRNA triggers CRISPR-induced mutations more efficiently
216
In the endogenous CRISPR immune system, Cas9 binds a CRISPR RNA (crRNA) and an extended Cas9-binding hairpin structure ( Fig 5A) . We compared side-by-side the 222 'Extended' and 'Flipped' sgRNA (sgRNA EF ) with the classic sgRNA ( Fig 5B and C) . In two 223 independent comparisons, the efficiency was higher with sgRNA EF . The improvement was 224 not dramatic but sufficient to lead us to recommend use of 'EF'-modified guide RNAs for 225 genome editing in Arabidopsis. 
246
In seven out of nine side-by-side comparisons, the authentic 192 bp of U6-26 247 terminator directed a higher efficiency of the construct, as compared to a synthetic polyT 248 termination sequence ( Fig 6 and Fig S2) . We speculate that a stronger terminator increases 249 the stability of the sgRNA. For multiplex genome editing, the use of 192 bp per sgRNA will 250 result in longer T-DNAs and increase the risk of recombination and instability. We generated 251 constructs with only 67 bp of the U6-26 3' downstream sequence. Such constructs were not 252 compared side-by-side with the '192 bp terminator', although they enabled high mutation 253
rates (e.g. Fig 3F-G) . Thus, we recommend using 67 bp of the 3' downstream sequence of 254 U6-26 as terminator for the sgRNA. 
261
Mosaic Virus. pCsVMV: 517 bp of a promoter from Cassava Vein Mosaic virus. Cas9_2: Fauser et al., 2014 [13] .
262
Cas9_3: Li et al., 2013 [25] . 
265
The sgRNA targets ADH1. CRISPR activity measured in % of homozygous or biallelic stable mutants in the 266 second generation after transformation (T2). Each dot represents an independent T2 family. Red square: Most 267 active construct(s) for each panel.
268
Since 3' regulatory sequences can influence sgRNA stability, we tested if the same 269 was true for Cas9. We compared the Pisum sativum rbcS E9 with two A. tumefaciens 270 terminators commonly used in Arabidopsis: Ocs and Ags (Fig 7) . We did not observe 271 consistent differences between E9 and Ocs (Fig 7A and B) . However, in one comparison, E9
272
outperformed Ags (Fig 7C) . This is consistent with previous observations that RNA
273
Polymerase II (Pol II) terminators quantitatively control gene expression and influence
274
CRISPR efficiency in Arabidopsis [17, 39] . We propose that a weak terminator after Cas9 
283
UBI10: 1327 bp of the At4g05320 promoter. Cas9_2: Fauser et al., 2014 [13] . Cas9_3: Li et al., 2013 [25] . E9T: an independent T2 family. Red dot: All the T2 lines from this family carry the same mutation, indicating a mutation 291 more likely inherited from the T1 parent rather than being de novo from the T2 line. [23]. We assembled 'RPS5a:Cas9_4:E9' and 'YAO:Cas9_3:E9' in both the Level 1 vector 297 position 2 forward (pICH47742) and reverse (pICH47811) (Fig 1 and 6) . In one case,
298
CRISPR activity was moderate when Cas9 and sgRNA are expressed in the same direction 299 and high when they are expressed in opposite direction ( Fig 8A) . In another case, CRISPR 300 activity was very high in both cases ( Fig 8B) . 
314
We thus recommend to both use a strong terminator after Cas9 (e.g. E9 or Ocs) and 
318
CRISPR emerged in 2012 as a useful tool for targeted mutagenesis in many 319 organisms including plants [11, 32] . In Arabidopsis, the transgenic expression of CRISPR 320 components can be straightforward, avoiding tedious tissue culture steps. Many strategies to 321 enhance the overall CRISPR-induced mutation rate have been proposed [8, 13, [15] [16] [17] 40] .
322
Here we report a systematic comparison of putative limiting factors including promoters, 323 terminators, codon optimization, sgRNA improvement and T-DNA architecture.
324
We found that the best promoters to control Cas9 expression are UBI10, YAO and RPS5a.
325
The best terminators in our hands were Ocs from A. tumefaciens and rbcS E9 from P. 
335
Finally, we recommend to use a 'YAO:Cas9_3:E9' and a 'pU6-26:sgRNA EF :U6-336 26t 67bp ' cassettes in head-to-head orientation. This combination is included in the constructs 337 tested here ( Fig 8B) and enabled us to recover two homozygous mutants in five T1 plants 338 tested. We also obtained useful rates with other constructs (e.g. Fig 3F) (Table S5 ). We classified them in four categories: (i) 59% were 346 homozygous (single sequencing signal, different than ADH1 WT), (ii) 11% were 347 heterozygous (dual sequencing signal, one matching ADH1 WT), (iii) 10% were biallelic 348 (dual sequencing signal, none matching ADH1 WT) and (iv) 20% were difficult to assign 349 (unclear sequencing signals, either biallelic or due to somatic mutations, but clearly different 350 than WT, heterozygous or homozygous genotypes) (Fig 9) . The recovery of heterozygous 351 (ADH1/adh1) lines indicates that the loss of a single copy of ADH1 can sometimes enable 352 plants to survive the allyl-alcohol selection.
353
Stable double mutations are the result of two CRISPR events, on the male and 354 female inherited chromosome respectively. In this scenario, lines can be recovered with two 355 different mutations, resulting in a biallelic (e.g. adh1-2/adh1-3) genotype, rather than having 356 the same mutation on both chromosomes (e. g. adh1-1/adh1-1) . Surprisingly, we recovered 357 more homozygous than biallelic events. The simplest explanation for an excess of 358 homozygotes is that after CRISPR-induced mutation of one ADH1 copy, Cas9 cleavage of 359 the remaining WT copy of ADH1 is processed by somatic recombination resulting in gene 360 conversion from the first mutation. Indeed, intrachromosomal somatic recombination occurs 361 in plants and is enhanced by ionizing radiation which can cause double strand breaks [42] .
362
The prevalence of homozygous over biallelic genotypes facilitates the genotyping and is an 363 advantage for targeted mutagenesis using CRISPR-Cas9. sgRNA target (ADH1) PCR amplicon. We retrieved a total of 315 sequences with a mutation. 59% (187) showed 367 a single sequencing signal, different than ADH1 WT and were classified as "Homozygous". 11% (33) showed an 368 overlap of two sequencing signals, one matching ADH1 WT and one different; and were classified as 369 "Heterozygous". 10% (31) showed an overlap of two sequencing signals, none matching ADH1 WT; and were 370 classified as "Biallelic". 64 (20%) showed an overlap of signals different than WT but not clear enough to 371 distinguish; and were classified as "Unknown". The "Unknown" sequences can be biallelic or due to somatic mutations but are different than WT, heterozygous or homozygous genotypes. The figure was made using Excel
373
(Microsoft Office 365 ProPlus).
374
We used a glufosinate resistance selectable marker which enables easy selection of 
383
Transgenic and non-transgenic seeds can be distinguished under fluorescence microscopy.
384
This facilitates recovery of mutant seed lacking the T-DNA (Fig 10) . Homozygous mutants 385 can be identified among the independent T1 lines. Non-fluorescent seeds can be selected 386 from the T1 seeds. The resulting T2 plants are homozygous mutant and non-transgenic. BpiI restriction sites associated with Golden Gate compatible overhangs (Table S3 ). 0.02 411 pmoles of the purified PCR products were mixed with the same molar amount of the 412 corresponding Level 0 vector (Table S3 ), 0.5 µl of BpiI enzyme (10U/µl, ThermoFisher), 0.5 413 µl of T4 ligase (400U/µl, NEB), 1.5 µl of CutSmart Buffer (NEB), 1.5µl of Bovine Serum 414 Albumin (10X) and water in a total reaction volume of 15 µl. The reaction was placed in a 415 thermocycler and the following 'Golden Gate' program was applied: 20 seconds 37°C, 25 416 cycles of [3 minutes 37°C / 4 minutes 16°C], 5 minutes 50°C and 5 minutes 80°C.
417
Combinations of three Level 0 vectors containing respectively a promoter, a Cas9 418 coding sequence and a terminator were assembled in Level 1 vector pICH7742 (Position 2) 419 or pICH47811 (Position 2, reverse) by the same 'Golden Gate' protocol but using 0.5 µl of 420 BpiI enzyme (10U/µl, ThermoFisher) instead of 0.5 µl of BsaI-HF.
421
To generate the sgRNA expression cassettes, DNA fragments containing the classic 422 or the 'EF' backbone with 7, 67 or 192 bp of the U6-26 terminator were amplified using 423 primers flanked with BsaI restriction sites associated with Golden Gate compatible 424 overhangs ( Table S3 ). The amplicons were assembled with the U6-26 promoter 425 (pICSL90002) in Level 1 vector pICH7751 (Position 3) by the 'Golden Gate' protocol using
